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Heat stress is one of the main limiting factors in poultry production because of its adverse effects on feed intake, growth rate, egg production, hatchability, and mortality of birds (Bartlett and Smith 2003; Ryder et al. 2004 ). This can be a tremendous economic burden in the livestock industry (St-Pierre et al. 2003) . Many researchers have investigated the effect of high environmental temperature on a variety of physiological and biochemical indices in different poultry breeds, including the Red Jungle and Village Fowl (Soleimani and Zulkifli 2010) , the Ross Broiler (Cooper and Washburn 1998) , and doi: 10.17221/8/2016-CJAS the Beijing-You chicken and the commercial AA broiler (Lu et al. 2007) , and have confirmed the deleterious effects of heat stress.
When the ambient environment changes dramatically, stress responses are initiated by activating corticotropin releasing factor (CRF). Then a group of highly conserved proteins known as heat shock proteins (HSPs) are rapidly synthesized by regulation of the hypothalamic pituitary adrenal (HPA) axis (Benjamin and McMillan 1998; Figueiredo et al. 2007 ). HSPs are a subset of molecular chaperones first discovered in Drosophila larvae by inducing expression during heat stress (Ritossa 1962) . HSPs are categorized into families on the basis of their molecular weights, e.g. HSP27, HSP60, HSP70, HSP90, and HSP110/104 (Kregel 2002) . Proposed functions of HSPs include microfilament stabilization (HSP27), protein refolding and preventing aggregation of denatured proteins (HSP60), acting as molecular chaperones (HSP70), regulating steroid hormone receptors and participating in protein translocation (HSP90) and protein folding (HSP110/104) (Kregel 2002) .
HSP90 has been shown to act as a ubiquitous molecular chaperone. Its most important function is to protect organisms from being affected by heat (Bhat et al. 2015) . Hao and Gu (2014) compared HSP90 messenger RNA (mRNA) expression in the breast muscle of broilers at 22°C and 40°C, and found that it was significantly upregulated under acute heat stress (P < 0.01). Chen et al. (2013) examined HSP90β mRNA expression in the brain and small intestine of female White Recessive Rock chickens, and found it was increased sharply after 2 h of heat stress (P < 0.05) and reached its peak after 3 h (P < 0.01), then decreased significantly from 3 h to 6 h (P < 0.01). Lei et al. (2009) found HSP90 expression increased in the liver of heattreated broilers after 2 h of acute heat stress, then showed a continual drop with extended duration of heat stress. There are many previous studies on the various changing profiles of HSP90 mRNA expression during heat stress. However, HSP90 mRNA expression during the recovery period after heat stress has not been studied extensively.
The genetic effects of HSP90 on heat stress tolerance have been investigated in several studies. Charoensook et al. (2012) detected polymorphisms in the HSP90AB1 gene, and found that the T allele at single nucleotide polymorphism (SNP) g.4338T>C occurring in intron 3 improved heat tolerance in cattle. A SNP of c.-141G>A in the 5' promoter region of the HSP90β gene was found in chickens which had some effects on thermal tolerance traits (Chen et al. 2013 ). However, Simona et al. (2015) found that there was no significant interaction effect between temperature and genotype on the expression of HSP90 in the liver of chronically heat-stressed broilers.
Huainan chicken originated in central China, while Wenchang chicken originated in the south of China; both are used as dual-purpose breeds. In the present study, the dynamic mRNA expression profile of HSP90B1 in the hypothalamus during heat stress and recovery periods was investigated in these two breeds, and the association of polymorphisms of HSP90B1 with heat tolerance was analyzed to help identify potential genetic markers for heat tolerance in chickens.
MATERIAL AND METHODS
Birds and sample collection. All experimental protocols were approved by the Committee for the Care and Use of Experimental Animals at Anhui Agricultural University. Huainan and Wenchang chickens were used as experimental stocks to investigate HSP90B1 mRNA expression during and after heat stress. Female Huainan chickens (n = 200) and female Wenchang chickens (n = 200) with similar body weights at 60 days of age were selected and transferred to cages in the same housing facility. The ambient temperature was maintained at 24 ± 1°C for 3 days before the beginning of heat stress (60-63 days of age). At 64 days of age, the ambient temperature was increased to 35 ± 1°C and maintained there for the next 24 h (heat stress). After 24 h, the temperature was quickly decreased to 24 ± 1°C for the next 24 h (recovery period). Birds had free access to food and water throughout the experiment. For each breed, 90 hens were randomly selected for sampling, as 18 hypothalamus samples were collected at 0, 12, and 24 h during heat stress and 12 and 24 h during the recovery period. The hypothalamus collection procedure was carried out as previously described (Sun et al. 2015) . Samples were stored in RNAfixer (Transgen Biotech Co., China) at −80°C and then subjected to mRNA expression analysis.
The association of SNPs in HSP90B1 with heat resistance was studied in another group of Huainan doi: 10.17221/8/2016-CJAS chickens, using 113 females at 65 days of age. Before the initiation of heat stress, birds were kept in cages at a temperature of 24 ± 1°C. The temperature was quickly increased and maintained at 42 ± 2°C. The lethal time for each individual was defined as the period from the start of the heat stress until they could no longer stand erect and were short of breath. All birds were removed at 300 min. A blood sample from each chicken was collected for genotyping.
RNA extraction and complementary DNA synthesis. Total RNA was extracted from the hypothalamus using Trizol reagent (Tiangen Biotech Co., China), and then used for first strand synthesis with a Reverse Transcription Kit (Transgen Biotech Co.). Sequences of HSP90B1 and GAPDH were obtained from GenBank (GenBank Accession Nos. NC_006088.3 and K01458, respectively). Polymerase chain reaction (PCR) primers (Table 1) were designed using Primer 5.0 software (PREMIER Biosoft, USA). The amplified PCR fragments were purified and sequenced directly using a DNA sequencer ABI3730XL (Applied Biosystems, USA) by a commercial sequencing company to verify the specificity (Sangon Biotech Co., China).
Real-time qPCR analysis. Quantitative real-time polymerase chain reaction (RT-q PCR) was used to elucidate the differential expression of HSP90B1 between Huainan and Wenchang chickens. The PCR reaction was performed in a final reaction volume of 15 µl using the SYBR ® Green PCR Master Mix Kit (Applied Biosystems), according to the manufacturer's instructions. All reactions and determinations were performed in triplicate, and the mean mRNA value was calculated. Negative controls were also run in each set of PCR assays, including without complementary DNA (cDNA) (no template controls, NTCs) and without reverse transcriptase. The fold expression or repression of the target gene relative to the internal control gene GAPDH (Tu et al. 2015) in each sample was then calculated by the 2 -ΔΔCt method (Deo et al. 2011 ).
Sequencing and genotyping. DNA was extracted from blood samples using a DNA isolation Kit (Tiangen), and quantified using a Nucleic Acid Protein Analyzer Beckman DU730 (Beckman Coulter, Inc., USA). In total, 50 genomic DNA samples were mixed equivalently in a pool for PCR. Fifteen primer pairs (Supplementary Table S1 ) were designed to amplify the exons of HSP90B1 using Primer Premier 5.0 according to the DNA sequences (GenBank Accession No. NC_006088.3). The PCR reaction was performed with a reaction mix containing 12 μl 2×Taq PCR StarMix (0.1 U/μl; Transgen Biotech Co.), 1 μl of each forward and reverse primer (10 pmol/μl), 1 μl DNA template (50 ng/μl), and 10 μl diethylpyrocarbonate-treated (DEPC) water, according to the manufacturer's instructions. The PCR conditions were as follows: 95°C for 2 min; 35 cycles of 94°C for 30 s, a primer specific annealing temperature (Supplementary Table S1 ) for 30 s, 72°C for 1 min; and a final extension at 72°C for 5 min. The PCR products were purified with DNA Purification Kit (Tiangen) and were sent to Sangon Biotech Co. for sequencing on ABI3730XL DNA sequencer (Applied Biosystems).
A SNP NC_006088.3:g.6798G>A, located in exon 14 of HSP90B1, was identified (coordinates of the gene: 54869423-54879269, reverse complement; in SNP database: rs15273262). Genotyping was realized by sequencing of the PCR fragments of all chickens obtained with the use of the primer pair HSP90B1-12 (Supplementary Table S1 ). The analysis of sequences was conducted using the software DNASTAR (http://www.biologysoft.com/; Steve Shear Down, 1998-2001 version reserved by DNASTAR Inc., USA).
Statistical analysis. Comparisons of the mRNA expression level in the two breeds and the lethal time between genotypes were conducted by oneway ANOVA using the GLM procedure of the SAS software (Statistical Analysis System, Version 8.2, 2001). The Hardy-Weinberg equilibrium of distribution of genotypes was analyzed by chi-squared 
RESULTS AND DISCUSSION
mRNA expression profile of HSP90B1 in Huainan and Wenchang chickens. The HSP90B1 mRNA expression in the hypothalamus of Huainan and Wenchang chickens during heat stress and recovery is shown in Figure 1 . In both breeds it exhibited a dynamic trend during heat stress and recovery, similar to that in a previous report from Yu et al. (2008) . The level of HSP90B1 mRNA sharply increased during heat stress (P < 0.05), and then decreased in recovery (P < 0.05). Comparing the two breeds revealed that the mRNA expression of HSP90B1 was higher in Huainan than in Wenchang chickens during the heat stress and recovery periods (P < 0.05), although the baseline expression was the same in both breeds. During heat stress the HSP90B1 expression increased by 220% in Huainan chickens; Wenchang chickens showed a 145% increase. During the recovery period, the HSP90B1 expression decreased by 59% in Wenchang chickens, which was greater than the decrease of 39% observed in Huainan chickens.
When animals suffer from heat stress, a heat shock response will occur, which decreases cellular injury and upregulates HSP90 in response, so as to recover damaged proteins or other cellular structures (Lee and Tsai 2005) . During the initial period of heat stress, the expression of HSP90 is raised due to increasing damage to cells that promotes the secretion of HSP90 to adapt to the environment (Hao and Gu 2014) . In the present study, HSP90B1 mRNA increased in the hypothalamus during 24 h of heat stress and decreased as the temperature returned to ambient. However, Lei et al. (2009) found that HSP90 expression increased in the liver of heat-treated broilers after 2 h at 34°C, but then showed a continuous drop after 3, 5, and 10 h of heat stress. It was hypothesized that HSP90 expression enhanced the resistance of cells during the initial period of heat stress, and that long-term heat stress may result in a decline (Lei et al. 2009 ). We found that the increase in HSP90B1 mRNA during heat stress in Huainan chickens was higher than that in Wenchang chickens, indicating that Huainan chickens are more sensitive to heat stress than Wenchang chickens. The difference in heat tolerance may be associated with the geographical origin of the breeds: Huainan chickens originated in central China (Chen 2004) where there is a temperate, monsoon climate; Wenchang chickens originated in south China (Chen 2004) where the climate is hot and humid throughout the year.
SNPs in HSP90B1 and association with heat tolerance in Huainan chicken. A SNP NC_006088.3:g.6798G>A, located in exon 14 of HSP90B1, was identified (coordinates of the gene: 54869423-54879269, reverse complement; in dbSNP: rs15273262); this polymorphism did not cause an amino acid sequence change, but caused a codon for glutamic acid to change from GAG to GAA. The genotypic frequencies of AA, GA, and GG were 0.49, 0.27, and 0.24, respectively, and allelic frequencies were 0.62 for A and 0.38 for G ( Table 2 ). The genotypic Table 2 . Individuals with genotype GG of HSP90B1 g.6798G>A survived for a longer time at 42 ± 2°C (248.2 ± 39.3 min), suggesting higher heat tolerance compared to genotypes GA and AA, which survived for 227.2 ± 44.5 min and 179.3 ± 36.5 min (P < 0.05), respectively. Heat tolerance is a complex trait (Li et al. 2011 ). Chen et al. (2013) identified a mutation at c.141G>A in the 5' region of HSP90β which was associated with heat tolerance in Lingshan and White Recessive Rock chickens, identifying GG as the genotype with high heat tolerance. However, Simona et al. (2015) found there was no significant association between temperature, genotype, and liver HSP90 expression in two broiler breeds. In the present study, the SNP (NC_006088.3:g.6798G>A) we identified in exon 14 of the HSP90B1 gene produced three genotypes -AA, GA, and GG. Genotype GG displayed a longer survival time, indicating that allele G was favourable for heat tolerance. Although this was a silent SNP, which did not change the amino acid sequence or the function of the resulting protein, such SNPs may be associated with target traits by affecting the stability of mRNA and translation efficiency (Laws et al. 2003; Capon et al. 2004) . Therefore, the mutation g.6798G>A could be linked with other important SNPs which influences the stability of HSP90B1 mRNA expression.
In conclusion, the SNP NC_006088.3:g.6798G>A has the potential to be used in breeding for improved heat tolerance after further study of various chicken populations and proof of the effect.
